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Abstract 
The objective of the present work is to examine the corrosion behaviour of the following materials: copper, lead, 
aluminium, zinc, stainless steel (AISI 304) and carbon steel (SAE 1040), when they are in contact with mortar, with and 
without the addition of chloride ions. Mortar specimens containing bars of these materials have been made. In addition, 
these specimens have been contaminated with chloride ions in different concentrations: 0, 0.3 % and 1 % (chloride ion 
mass by mass of cement). These specimens have been exposed to different conditions: laboratory, with a relative humidity 
(RH) of 45 %; curing chamber (98% RH) and immersed in a solution of 3.5 wt.% NaCl. The electrochemical parameters 
normally used to characterize the corrosion behaviour of reinforcing steel in concrete have been monitored periodically. 
These parameters include the corrosion potential (Ec), the polarization resistance (Rp) and the electrical resistivity of 
mortar ( ). Also, the carbonation rate was determined in order to evaluate the resistance of the mortar to the ingress of 
carbon dioxide. Among the materials studied, the stainless steel has hitherto presented the best behaviour against 
corrosion, in all conditions tested. Specimens made with aluminium bars and contaminated with 1% chloride ion 
presented cracks and partial mortar cover detachment due to the effect of voluminous aluminium corrosion products. 
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1. Introduction 
In structural engineering metals such as steel, aluminium, copper, zinc and lead get into contact with 
various mineral building materials. Carbon steel is frequently used as a reinforcement material in concrete. 
However, as a consequence of concrete degradation because of the corrosion of carbon steel, other 
alternatives have been implemented in order to improve durability: reinforcement of stainless steel or 
galvanized steel. Other metals such as copper, lead and aluminium are also part of the building components in 
contact with concrete. In general, copper is used in pipelines because it presents good corrosion resistance, it 
has antibacterial effects and it offers the advantage that it does not produce flame in case of fire, as plastics 
do. In the past water pipelines were made of lead, which is not used anymore because of the toxic effects of 
lead for human health. Nevertheless, nowadays there are still many old buildings which have lead pipes for 
water transport. Another metal that is often used in building constructions is aluminium, which is the most 
widely used non-ferrous metal. Aluminium is a low-cost versatile material, and it is abundant, durable, 
corrosion resistant and with low specific gravity.  
 
Concrete is a mixture of cement, sand (fine aggregate), small stone or gravel (coarse aggregate) and water. 
In its initial state the mix is liquid, and then it solidifies and hardens due to a chemical process known as 
hydration. Finally, a porous concrete matrix is obtained and the pores are filled with alkaline solution. Normal 
concrete pore solution is saturated with calcium hydroxide and also contains sodium and potassium 
hydroxide. The pH of concrete pore solution is typically 12.6  13.8.  
 
Degradation of reinforced concrete because of corrosion of steel rebars has been extensively studied and a 
lot of information has been published [Bertolini et al., 2000; Bromfield, 1998; Bentur et al., 1997 and Kumar 
Mehta et al., 2006]. That is not the case with other metals such as those above-mentioned (copper, lead and 
aluminium), which are frequently used in constructions and can also be degraded by corrosion. Steel in 
alkaline media, as provided by concrete, has a passive behaviour, which is affected by the presence of 
aggressive species or lowering pH. Stainless steel and carbon steel behave similarly in alkaline conditions, but 
they differ in that stainless steel is more resistant to localized corrosion. In the pH range 4-9, aluminium forms 
oxide coatings which are largely insoluble. Because of this, aluminium materials are distinguished by its good 
resistivity in nearly neutral to weakly acid aqueous media and in humid air and, therefore, in atmospheric 
conditions too. Hence, the privileged application of aluminium in constructional engineering follows 
[Nürmberger, 2001]. The excellent corrosion resistivity of copper materials depends on its noble character and 
on its ability to form protective layers in several media. In aqueous and neutral solutions, copper has good 
corrosion resistance over a wide pH range (2-14). In diluted acids and in alkaline region, copper is superior to 
other non-ferrous metals. In the case of application of cements with high alkalinity (pH value of the concrete 
pores solution > 13.3), copper -especially zinc-rich brass- is not sufficiently resistant [Nürmberger, 2001; 
Alfantazi et al., 2009]. Zinc, like aluminium, is characterized by having a negative standard electrode 
potential, a characteristic that makes the metal susceptible to corrosion. Zinc is resistant to corrosion in media 
with pH ranging from 5 to 12. In concrete with pH values higher than 12, zinc, and thus galvanized steel, 
could be susceptible to corrosion [Nürmberger, 2001, Farina and Duffó, 2007]. Lead ranks among the 
amphotere metals that can be dissolved in acids and in alkalis. In media with pH between 5 9, lead owes its 
good corrosion resistivity to the ability to form slightly soluble coatings made of lead compounds 
[Nürmberger, 2001, Birss and Waudo, 1989]. 
 
The objective of the present work is to study and compare the corrosion resistance of some metallic 
materials in contact with mortar. These materials are stainless steel AISI 304, carbon steel SAE 1040 and 
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metals, such as copper, zinc (that simulates galvanized steel), aluminium and lead (commercial purity 99.5%). 
The effect of the addition of aggressive species, such as chloride ions that stimulate the degradation process, 
as well as the effect of the carbonation process was investigated. The results obtained so far are presented in 
order to show the differences found among the materials studied, when they are in contact with mortar under 
different humidity and chloride ion -concentration conditions. 
2. Experimental 
Metals tested are stainless steel AISI 304, carbon steel SAE 1040, zinc, lead, copper and aluminium. The 
samples were mortars with a prismatic geometry (7x7x7 cm3) in which metal bars were embedded. Metals 
were prepared by cutting bars of 5 mm dial. and 60 mm length from commercial rods. All bars were 
degreased and weighed before being used in tests. Each mortar specimen contained five electrodes: two bars 
of the metal under study located in opposite vertexes of the prism (working electrodes); two bars of AISI 304 
stainless steel located in opposite vertexes (auxiliary electrodes); and an internal reference electrode located in 
the centre (Figure 1). This reference electrode was a titanium rod coated with titanium, iridium and tantalum 
oxides [Duffó et al., 2009]. The potential of this electrode with respect to the normal hydrogen electrode 
(NHE) was determined in the following way: the potential of the titanium electrode was measured in each 
case against a copper/saturated copper sulphate electrode (CSE) placed on top of the prismatic specimens. 
Then, the conversion to the hydrogen scale was straightforward (VNHE=VCSE + 0.318 V). At the mortar-air 
interface the bars were isolated with a PVC insulation tape in order to avoid crevice corrosion, and leaving an 
exposed area of 5.5 cm2. The mortar cover thickness was 1 cm. The mortar used to prepare the samples was a 
mix of ordinary Portland cement, water and sand and was prepared according to ASTM C-305 Standard. The 
water-cement ratio (w/c) was 0.6 and the sand-cement ratio (s/c) was 3.  
 
The mortar was cast in metallic moulds and demoulded after 24 hours. Some specimens were contaminated 
with chloride ions added to the mix as sodium chloride (NaCl) in concentrations of 0.3 wt.% and 1 wt.% 
(weight of chloride ion by weight of cement). The curing of specimens lasted for 28 days in a controlled 
atmosphere with 98% relative humidity (RH), reaching a compressive strength of 22.6 ± 2.3 MPa. Finally, 
they were exposed to different conditions, which are listed in Table 1. Each specimen contained two working 
electrodes of the same metal, and two specimens of each metal were exposed to the different conditions 
(Series 1 to 6). In this way, each metal was tested by quadruplicate in each of the six conditions. 
Table 1. Series of specimens made and exposure conditions. 
 Series Number Specimens Exposure conditions  
1 Mortar Laboratory environment with 45% RH 
2 Mortar + 1 wt.% Cl- Laboratory environment with 45% RH 
3 Mortar + 0.3 wt.% Cl- Chamber with 98% RH 
4 Mortar Immersed in aqueous NaCl solution (3.5 wt.% ) 
5 Mortar Chamber with 98% RH 
6 Mortar + 1 wt.% Cl- Chamber with 98% RH 
 
The electrochemical parameters normally used to characterise the corrosion behaviour of steel in contact 
with cementitious materials were monitored periodically: the electrical resistivity of the matrix ( ) determined 
from resistance measurements between the auxiliary electrodes and the internal reference electrode; the 
corrosion potential (Ec) of the metal bars measured against the internal reference electrode and the 
polarisation resistance (Rp). The matrix electrical resistivity was measured by applying a sinusoidal signal 
( V=10mV, =10 kHz) between the auxiliary electrodes and the internal reference electrode, and computing 
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the value of the resistance from the ratio between the peak voltage and the peak current. In order to determine 
the electrical resistivity, the device was calibrated with KCl solutions (ranging from 10-2 to 1 M) of known 
resistivity. Rp was evaluated as V/ I from potential sweeps within Ec ± 10mV at a scan rate of 0.1 mV/s. 
The results were corrected to compensate the ohmic drop by subtracting the electrical resistance of the matrix. 
Electrochemical measurements were performed using a Gamry Instrument Potentiostat-Galvanostat. 
Repetitive results were obtained in all cases and average values are reported in the results section. The 
potentials are reported in the NHE scale. 
 
Due to the fact that carbonation of concrete is one of the main causes of corrosion of steel reinforced bars, 
it is important to determine the transport parameters of CO2 (carbon dioxide).  To this purpose cylindrical 
specimens of mortar (without metal bars) were used (Figure 2). These specimens were exposed to the 
laboratory environment, with an average RH of 45%, which favours the carbonation process. After a period of 
time, samples were broken apart and sprayed with phenolphthalein. Depending on the carbonated thickness of 
the mortar (XCO2) and the exposure time (t), the carbonation rate (kCO2) was calculated by the following 
equation [Bertolini et al., 2000; Bromfield, 1998; Bentur et al., 1997]: 
 
                                                                         XCO2= kCO2. t ½                                                                      (1) 
 
  
Fig.1. Arrangement of electrodes in specimens. Fig. 2. Specimens used in carbonation tests. 
 
3. Results and Discussion 
Figure 3 shows the evolution of the electrical resistivity of mortar ( ) as a function of time. The resistivity 
values increase with time to reach an almost stable value due to the process of drying of mortar. The 
resistivity is strongly dependent on the humidity: Series 1 and 2 shows  values nearly two orders of 
magnitude higher than the other Series. The concentration of chlorides has no influence on  in the case of 
non-immersed specimens. In Series 2, specimens with 1 wt.% Cl- and RH 45%,  is slightly lower than 
specimens in Series 1 (mortar without chlorides). This effect is probably due to the presence of NaCl and its 
hygroscopic nature that retains more moisture in the pores of the mortar, yielding lower electrical resistance 
values. 
 
Figures 4 to 15 show the average values of Ec and Rp measured in the materials studied in the present 
work: aluminium (Al), zinc (Zn), carbon steel (CS), lead (Pb), copper (Cu) and stainless steel (SS), under the 
different conditions described in Table 1. Error bars are not shown in these figures for the sake of clarity, but 
dispersion was calculated and in all cases is in the order of 35 %. In the following, most comparisons were 
made at 150/200 days of exposure because not all the tests started at the same time. However, data for longer 
periods already measured was included as a reference. In all cases, it is observed that Ec follows a similar 
trend: the most noble values correspond to Cu and SS; the lower ones are always Al (showing oscillations) 
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followed by Pb; the other materials show Ec values that lie in between. As for the Rp measurements, it was 
found that in the absence of chloride, a high RH (98%) has a strong influence on the corrosion behaviour of 
Al, Pb and Cu, yielding Rp values one order of magnitude lower than in the case of low RH (45%). The same 
trend was found in specimens containing 1 wt.% Cl-, the higher the RH, the lower the Rp values (and hence 
the higher the corrosion rate). This effect of RH on the Rp values is particularly noticeable for Pb.  
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                                                               Series 1: Mortar  in laboratory environment with 45% RH 
                                                               Series 2: Mortar +1 wt.% Cl-  in laboratory environment    with 45% RH 
                                                               Series 3: Mortar + 0.3 wt.% Cl-  in chamber  with 98% RH 
                                                               Series 4: Mortar immersed in aqueous NaCl solution (3.5 wt.% ) 
                                                               Series 5: Mortar in chamber with 98 %RH 
                                                               Series 6: Mortar + 1wt.% Cl- in chamber with 98 %RH 
 
 
Fig. 3. Evolution of the electrical resistivity of mortar as a function of time, in all the conditions studied. 
 
When adding chloride (1 wt.% Cl-) to the specimens exposed to a low RH (45%), it is found that only CS 
decreases its corrosion resistance. When increasing the RH to 98%, it is found that CS decreases its corrosion 
resistance only when the chloride content is 1 wt.%, but not when it is 0.3 wt. %. This is consistent with the 
fact that the critical chloride threshold to induce corrosion on CS is about 0.4 wt.% [Bertolini et al., 2000; 
Bromfield, 1998; Bentur et al., 1997 and Angst, 2009]. SS is neither affected by the RH, nor the chloride 
concentration: it always shows a similar Rp value (higher than the one shown by CS). When the RH is high, 
Pb is more susceptible to corrosion, independently of the chloride content. Cu shows lower corrosion 
resistance when increasing the chloride content from 0 or 0.3 wt.% to 1 wt.% at 98% RH. Zn shows an 
anomalous behaviour as the corrosion resistance does not follow any trend with the addition of chlorides: it is 
higher with the higher chloride content (1 wt. %), lower with 0.3 wt.% chloride, and shows an intermediate 
value with no chloride. Finally, it was found that Al increases its corrosion resistance when increasing the 
chloride content. However, a high deterioration due to corrosion of the Al bars was observed in some 
specimens when they are contaminated with chloride ions, which is showed by the appearance of cracks and 
detachment of mortar with deposits of corrosion products in some samples (Figure 16). These corrosion 
products were determined X-Ray Diffraction Analysis, yielding the following results: aluminium hydroxide 
(Bayerite: Al(OH)3) and aluminium oxide trihydrate (Gibbsite: Al2O3. 3H2O). The increase of Rp values in 
the presence of chloride, in spite of the fact that the specimens are highly corroded and cracked, may be due to 
an artefact of the applied electrochemical technique, because the presence of massive non-conductive 
corrosion products may increase the Rp measured.  
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Fig. 4. Corrosion potential, Series 1. Fig. 5. Polarization resistance, Series 1. 
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Fig. 6. Corrosion potential, Series 2. Fig. 7. Polarization resistance, Series 2. 
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Fig. 8. Corrosion potential, Series 3. Fig. 9. Polarization resistance, Series 3. 
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Fig. 10. Corrosion potential, Series 4. Fig. 11. Polarization resistance, Series 4. 
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Fig. 12. Corrosion potential, Series 5. Fig. 13. Polarization resistance, Series 5. 
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Fig. 14 Corrosion potential, Series 6. Fig. 15. Polarization resistance, Series 6. 
250   F.M. Schulz R. et al. /  Procedia Materials Science  1 ( 2012 )  243 – 250 
   
Fig. 16. Mortar specimens cracked due to the corrosion of the Al bars. 
 
Table 2 presents the results obtained in carbonation tests. Knowing the average thickness of the 
carbonation depth and the exposure time it is possible to estimate the carbonation rate. Series 1 and 2 are the 
only conditions prone to a carbonation process. Taking into account that the cover depth is 10 mm, and 
assuming a value of 9.36 mm.yr-1/2 for the carbonation rate, the time for the carbonation front to reach the 
metal is about 400 days. From Figures 4 to 7, no significant changes are observed in the electrochemical 
parameters measured at this time. As a consequence it can be concluded that, up to the present time, the 
carbonation process does not influence the electrochemical behaviour of the metals studied. 
Table 2. Results of carbonation tests. 
Test Number Period of exposition XCO2 average (mm) kCO2 (mm.yr-1/2) 
1 53 days 4.35 10.4 
2 213 days 6.83 8.97 
3 365 days 9.36 9.36 
4. Conclusions 
 The resistivity of mortar is strongly dependent on the relative humidity: in laboratory conditions 
resistivity values are nearly two orders of magnitude higher than in controlled humidity chambers. 
 In most of the metals studied, the corrosion behaviour is more influenced by the relative humidity 
than by the chloride content of the mortar. 
 The carbonation process, up to the present time, seems not to influence the corrosion behaviour of 
the metals studied. 
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